The ability of immune cells to survey tissues and sense pathologic insults and deviations makes them a unique platform for interfacing with the body and disease. With the rapid advancement of synthetic biology, we can now engineer and equip immune cells with new sensors and controllable therapeutic response programs to sense and treat diseases that our natural immune system cannot normally handle. Here we review the current state of engineered immune cell therapeutics and their unique capabilities compared to small molecules and biologics. We then discuss how engineered immune cells are being designed to combat cancer, focusing on how new synthetic biology tools are providing potential ways to overcome the major roadblocks for treatment. Finally, we give a long-term vision for the use of synthetic biology to engineer immune cells as a general sensor-response platform to precisely detect disease, to remodel disease microenvironments, and to treat a potentially wide range of challenging diseases.
INTRODUCTION: IMMUNE CELLS ARE AN IDEAL PLATFORM FOR INTERFACING WITH DISEASE Why Engineer Immune Cells?
Cells of the immune system play a unique role in the body, detecting and responding to pathologic insults and deviations (Figure 1a ) (1) . As such, these cells have exceptional properties. They are semiautonomous, often moving freely about the body to survey and infiltrate diverse tissues (2) . Immune cells act as general sensor-response agents, detecting local problems and responding in diverse ways-sometimes executing powerful targeted actions like cell killing and phagocytosis, and at other times taking more subtle but broad actions, like secreting cytokines and chemokines that communicate with and mobilize other cells. Equally important, immune cells are relatively easy to remove, modify, and transfer back into a patient. The immune system as a platform for interfacing with disease. Different modes of intervention to direct immune responses to disease are shown in orange. (a) Immune cells are an exquisite sensing and response system that monitors and responds to disease and loss of homeostasis. (b) Our endogenous immune system can be manipulated with biologics, but now immune cells can be directly, genetically reengineered to target and treat disease.
Given these unique properties, immune cells provide a remarkable platform for interfacing with and treating disease. There are many complex diseases, such as cancer and autoimmunity, that our natural immune systems either cannot handle or pathologically contribute to. Thus, there is a strong rationale to engineer new disease sensing and response behaviors in immune cells, especially given recent powerful advances in synthetic biology and genome editing, which give us unprecedented ability to modify and engineer cellular functions.
Synthetic immunology is an emerging strategy that applies the tools and approaches of systems and synthetic biology to reprogram and enhance the function of immune cells, thus also rewiring the overall capabilities of our immune system (3, 4) .
The immune system comprises a diverse group of cells that survey the body for indications of disease. The major arms of the immune response can be categorized as innate and adaptive (Figure 1b) . The innate response involves cells such as neutrophils, basophils, mast cells, natural killer (NK) cells, macrophages, and dendritic cells. As the early innate response ensues, a complex series of events leads to the activation of the adaptive immune response, which is mediated by T cells and B cells. Adaptive immunity is characterized by the exquisite specificity of T cells and B cells, which as a population theoretically have the ability to recognize any pathogen we encounter. This wide array of cell types offers diverse platforms and functional capabilities for therapeutic engineering.
Recent groundbreaking clinical studies using engineered T cells to treat blood cancers have definitively shown that immune cell function can be redirected and can be remarkably effective in treating disease. But our immune cells go beyond simply detecting cancer and other pathogenic insults and are involved in a variety of physiological processes. These include regulation of our microbiome (5); metabolism (6) ; and the homeostasis, development, and repair of various organs (1) . Our immune system as a whole acts to coordinate both the sensing of significant changes in our bodies and the responses required to return tissues to homeostasis. Thus our immune cells have the potential to eventually serve as platforms for therapeutic engineering to address an even broader set of diseases beyond cancer, including autoimmunity, inflammation, and degeneration (7) .
History of Therapeutically Harnessing the Immune System
Synthetic immunology follows in the footsteps of a long history of manipulating the immune system to stimulate and harness its capabilities (Figure 1b) . Vaccination essentially involves convincing innate immune cells to initiate an immune response to a particular pathologic agent. Vaccination can involve a neutralized pathogen, or, in modern times, a complex nanoparticle that provides an optimized microenvironment for antigen presentation and immune system activation (8, 9) . Therapeutic antibodies represent a way to directly provide the products of an adaptive B cell response. Expanding and adoptively transferring tumor-infiltrating lymphocytes (TILs) provides a way to enhance native antitumor responses, as does the deployment of checkpoint inhibitors [anti-programmed cell death protein 1 (PD-1), anti-PD ligand 1 (PD-L1), and anti-cytotoxic T lymphocyte-associated protein 4 (CTLA4)], which block immunosuppressive signals present in tumors. These approaches have generally involved providing new ways to influence immune cells to execute native responses (10, 11) .
Direct Hacking of Immune Cells
The emerging field of synthetic immunology differs from these approaches in its direct and purposeful genetic hacking of immune cells to systematically generate new therapeutic capabilities (Figure 2a) . The major goal of synthetic immunology is to manipulate immune cells such that they can be used as therapeutic agents with capabilities that extend significantly beyond those of the native immune system in order to generate a curative immune response to diseases that are difficult to treat, such as cancer and autoimmunity. This approach has emerged only recently with our increased ability and understanding of how to genetically manipulate cells so as to rationally change their functions. In this review, we describe the advantages of using living cells as a new therapeutic modality, with smart sensing-response capabilities that go beyond what individual therapeutic molecules can achieve. We describe the tool kit of genetically encoded components that can be used to engineer immune cells to respond to new disease-associated stimuli and how these cells can be used as control nodes to manipulate the broader immune system to address diverse diseases.
combinatorial environmental inputs and use this information to initiate equally complex, nuanced, and controlled therapeutic responses. In other words, a molecular drug is a tool that can do a single job, whereas a cell is a device that, like a computer, can be programmed to deploy the right set of tools, depending on the situation (Figure 2b) .
Because of the distributed nature of the immune system, immune cells also have the potential to serve as connectors that communicate and influence the diverse cell types of the immune system. Engineered control of a particular immune cell type could serve as a way to influence broader aspects of the larger immune network through the production of cell-cell communication molecules, such as cytokines and chemokines.
Immune cells have several other unique properties that might make them particularly powerful therapeutics. First, immune cells can easily be harvested from patients, modified ex vivo, and transferred back into patients. Second, immune cells have the potential to survive in a persistent manner over the course of decades, thus potentially providing long-term memory for chronic diseases or diseases that have the potential for relapse. Third, many immune cells have the potential for adaptive function, changing as disease progresses. While we are far from directly harnessing and engineering this capability, it could be extremely powerful for complex diseases like cancer.
In the last few years, the explosion of this new field has led to many new examples of engineering new sensing and response capabilities into immune cells, with most of the work focused in the realm of cancer. In synthetic immunology, the goal is to endow therapeutic cells with new sensors (receptors), information-processing capabilities (cell signaling control), and therapeutic response programs that allow them to navigate, communicate, and effectively coordinate a safe and curative response to a wide variety of diseases (Figure 2a) . Below we review what immune cells can be used in therapies, focusing particularly on how they are or could be used in treating cancer (Figure 3a) . Here we primarily focus on cells with direct cytotoxic function, and not on antigen-presenting cells, such as dendritic cells engineered for cancer vaccination, which are the subject of other reviews (12) .
T Cell Platforms
T cells have been a major focus in cell therapies as they are an immune cell type that exhibits targeted cytotoxicity and their killing specificity can be redirected to diseases such as cancer. They are also easily isolated from peripheral blood and can be modified and extensively expanded ex vivo, allowing for optimal dosing of cells during treatment. In addition, T cells are attractive because of their ability to survey the body and expand locally in response to disease-related antigens. The resultant population of responding T cells can in some cases drive clearance of tumors, and the generation of memory cells that are long-lived in patients (13) (14) (15) . Several major classes of T cell therapies for cancer are being pursued (Figure 3b ).
Tumor-infiltrating lymphocytes. Theoretically, our immune system has the intrinsic capability to respond to cancer. Cancer cells are by definition abnormal and acquire mutations as the disease progresses. Our bodies harbor T cells that can recognize mutant peptides that arise in cancers (16) , but the immune response is often suppressed by the tumor. One approach to enhancing the T cell response is to excise parts of tumors and ex vivo expand the cancer-specific TILs. These T cells can then be infused back into the patient in greater numbers and in a more optimal cellular state that can effectively slow tumor progression (17) (18) (19) . TILs can be found in melanoma, which is a relatively immunogenic cancer. But TILs have proven to be moderate or ineffective in cancer therapy, largely because of immunosuppression (20) (21) (22) (23) . It is possible that TIL therapy could greatly benefit from further engineering of the T cells during ex vivo processing as response rates could be improved through arming the cells to combat the often refractory tumor microenvironment. TILs are thus an important test bed for synthetic biology approaches discussed below.
Genetically modified T cell therapies: CARs and TCRs. The biggest advances in synthetic immunology have come from genetically modifying T cells from patients so that they directly recognize cancer cells. There are two major approaches for redirecting T cell recognition-chimeric antigen receptors (CARs) and engineered T cell receptors (TCRs). CARs are a type of synthetic T cell receptor that have at their core an artificial extracellular recognition domain-usually a singlechain antibody that recognizes a tumor-specific surface antigen-and the intracellular signaling domain of the T cell receptor (24) (25) (26) . The most effective CARs also incorporate an intracellular costimulatory signaling domain, which helps to significantly drive the persistence and proliferation of the antigen-stimulated T cells (27) (28) (29) . Several TCRs have been identified that recognize common tumor-specific antigens, and these can also be expressed in engineered T cells to attack cells that express this specific intracellular antigen (30) (31) (32) (33) (34) .
Innate Immune Cell Platforms
NK cells are part of the innate immune system, but as of late they have shown several characteristics normally associated with adaptive immune cells, including capacity for memory responses (35) . NK cells like cytotoxic T cells are able to recognize infected cells and directly kill target cells through release of cytolytic granules. Unlike T cells, NK cells do not have an antigen receptor that restricts them to a highly specific target. They use a series of receptors that have positive and negative effects on their activation status. Depending on the balance of engagement of the stimulatory and inhibitory receptors, the NK cell makes the decision whether to activate (36) . Another differentiating factor of NK cells compared to T cells is their inability to activate and proliferate without cytokines derived from other immune cell types (37) (38) (39) . Therefore, the major challenge with NK cell therapies may be keeping the cells alive long enough for effective treatment, owing to cell-extrinsic requirements for survival and activation. Cytokines like IL-12, IL-15, and IL-18 may be critical for maintaining the therapeutic NK cells over the course of therapy.
To date, most NK therapies are at the preclinical stage and have further to go than T cell therapies. However, there may be key control benefits like a short life span and the requirement for paracrine signals originating from other immune cell types to proliferate. These layers of added control when compared to T cells that produce their own stimulatory cytokine, IL-2, could make for more controlled cell therapies. At the same time, this control could come with a trade-off in cytotoxic efficacy.
In addition, NK cells have the signaling machinery to drive CAR signaling, and CAR NK cells are being studied as an alternative to CAR T cells. Currently, preclinical primary human CAR NK cell studies have been performed in various tumor models with CARs directed toward antigens such as Her-2 (40), CD244 (41), CD20 (42) , and CD19 (43) (44) (45) . NK cells are thus a unique platform for cell-based therapies and may have optimal characteristics for treatment of certain cancers.
SYNTHETIC BIOLOGY PRINCIPLES FOR ENGINEERING IMMUNE CELLS

Practical Constraints
Synthetic biology and evolution approach the task of controlling cell behavior in fundamentally different ways and with very different constraints. Evolution has the benefit of a long timescale to make large-scale changes to the genome and the overall architecture of signal transduction to derive subtle and sophisticated behaviors. In contrast, a major constraint on synthetic biology approaches is the size and number of changes one can incorporate into an immune cell chassis. Currently, the genetic payload that we can reliably deliver to primary T cells is on the order of 10 kb, or just a few genes. While some transposon systems have the potential for the delivery of larger genetic elements to cells (46) , in reality there is precipitous decrease in transfection efficiency well before the theoretical payload limit (47) . Thus, in practice, most examples of immune cell engineering at this point in time report the expression of one to five genes. What this means is that as synthetic biologists we must build compact multifunctional molecules that can reliably regulate cellular behavior, similar to how viruses maximize the functional capabilities of a small genome (48) .
Gordian Knot Solutions: Simple Ways to Generate New Behavior
It is incumbent upon synthetic biologists to engineer molecular components to control cellular behavior that are robust and modular and have dominant effects when layered over the natural system. If these core considerations are ignored, the probability of tight and tunable control over cell behavior is low. Often this means creatively thinking about how to achieve a particular target immune cell function in a manner that is inspired by natural systems but that differs significantly in detailed mechanism. CARs are a beautiful example of this kind of a Gordian knot engineering solution-they are a simple, nonnatural molecule that provides a direct way to reliably target T cells to cancer cells in a manner that completely bypasses the complexities of antigen presentation and MHC recognition that are normally required by native T cells. The CAR is thus essentially a dominant bypass mutation (49) . Another general strategy in synthetic biology is the use of orthogonal components-components that are not normally in the host immune cell. Synthetic Notch (synNotch) receptors, discussed below, are an example of orthogonal molecules that can allow more flexible rewiring of cellular behavior because they have fewer existing functional constraints (50).
Autonomous Versus User Controlled
A general goal of engineering immune cells is to generate new autonomous behaviors-behaviors that the cells will automatically execute when they are in the body, such as target cell killing by a CAR T cell. However, it is important to keep in mind that at this early stage of immune engineering, reprogramming efforts are imperfect. Thus, there is growing appreciation that in addition to autonomous behaviors, it is important to engineer certain functions that are user controlled. This is analogous to designing self-driving cars: Although the long-term goal may be completely autonomous function, we realize that a human at the steering wheel remains critical for many situations. As discussed below, immune cell functions that can be controlled by smallmolecule inputs provide one mechanism of user control.
Autologous Versus Allogeneic Cells
Another important topic in immune cell engineering involves the source of the cells. Most current therapies involve autologous cells (i.e., modifying the patient's cells), which avoids most issues of rejection. Nonetheless, it is well appreciated that allogeneic engineered cells would be a considerably more cost-effective and widespread therapy: Cells from a donor could be used for many patients in a relatively off-the-shelf manner. As such, how to develop allogeneic immune cells is a topic of very active research, including the use of gene-editing techniques to eliminate genes that are involved in either graft rejection or graft-versus-host disease (51) . In this review, however, we do not focus on this issue of where the cells come from but rather focus on the process of engineering new therapeutic functionality into the cells. The advances that we discuss will determine the therapeutic capability of engineered cells and are essentially agnostic as to source (they would work equally well in autologous and allogeneic cells).
Engineering Challenges in Treating Cancer
Many of the advances we discuss below focus on efforts to engineer immune cells to treat cancer. Thus it is useful to consider the broad array of challenges to this goal.
1. Precision recognition. The immune cells must be able to precisely recognize the tumor cells and discriminate them from normal cells, particularly because many antigens are not absolutely cancer specific. We now know that mistargeting of T cells such that they lead to cross-reaction with critical normal tissues can lead to severe adverse effects, even death. 2. Trafficking. Immune cells need to be able to traffic to and infiltrate the tumor in order to exert their effects, including cytotoxicity. 3. Cell survival, expansion, and persistence. The cells need to survive, expand, and persist to kill the cancer cells. 4. Overcoming an immunosuppressive microenvironment. Because so many cancers, particularly solid cancers, involve a suppressive microenvironment, the cells must be able to overcome or disable this environment to both expand and launch a powerful cytotoxic response. 5. Safety controls. It is clear that many immunotherapies that harness the power of the immune system can lead to potent side effects, so mechanisms to control and regulate engineered immune cell function are critical for safety.
Many of the tools discussed below have been developed to address this set of challenges.
SYNTHETIC BIOLOGY TOOL KIT: GENETIC COMPONENTS FOR PROGRAMMING IMMUNE CELLS Cellular Sensors
Essential to any engineered immune cell are novel sensor functions-the cell will need one or more altered receptors that allow it to detect a disease cell or a diseased tissue microenvironment and distinguish it from a healthy one.
CARs. CARs are the first truly successful synthetic immune receptor (13, (52) (53) (54) (55) (56) (57) . These synthetic receptors consist of (a) a single-chain variable fragment directed toward a cell surface tumorspecific or tumor-associated antigen and (b) the signaling domains from the TCR ζ chain (signal 1) and a costimulatory receptor (signal 2) (58). These receptors bind their target antigen and drive the necessary signaling for full T cell activation (Figure 4a) . Depending on the costimulatory domain of the CAR, the T cells can show different phenotypes in regard to T cell effector functions such as cytokine secretion, cytotoxicity, and overall persistence in the patient (59) . It is clear from certain clinical trials that that CAR T cell persistence can vary considerably in patients. CARs targeting the B cell antigen, CD19, containing either the costimulatory domain derived from CD28 or 4-1BB have shown different activity and persistence profiles in patients. In trials for chronic lymphocytic leukemia (CLL), α-CD19 CAR T cells with the CD28 costimulatory domain were short-lived, only lasting around a month in patients, whereas α-CD19 CAR T cells with the 4-1BB costimulatory domain have persisted up to four years (15, 56, 60 of the CAR thus can have profound effects on T cell biology and must be characterized and engineered to elicit the desired immune response to the particular cancer. We are just now starting to understand the mechanisms underlying these differences and the set of parameters one should consider when engineering CAR T cells for applications beyond hematological malignancies. The specific T cell subset that is engineered, the signaling characteristics of the receptors, and the overall T cell effector functions that arise upon activation all need to be controlled to have optimal therapeutic effect. Often it is unclear how to engineer the T cells to robustly perform specific tasks. Therefore, it would be beneficial to develop more high-throughput approaches to test large libraries of CARs and identify the CARs that bias T cell behavior and effector functions toward ones that have potent effects on difficult to eradicate tumors.
Tumor-specific TCRs. Another major focus of T cell immunotherapy is the identification of TCRs that recognize tumor-specific, abnormally expressed antigens derived from fetal or developmental proteins, oncogenic viral components, tissue-specific differentiation proteins, or neoantigens that arise from mutations in tumors (Figure 4a) . Cancers with higher mutational load often elicit a stronger immune response (61, 62) ; however, most tumors strongly suppress the immune cells once they have entered the tumor microenvironment. The major goal of this approach is to identify common cancer antigens that can be detected by T cells so that one can engineer a patient's T cells with the appropriate tumor-specific TCR. These engineered T cells can then be infused in large numbers into patients in order to drive more potent tumor immunity. The underlying idea for these therapies is simple, but in reality it is difficult to find neoantigens that are shared by many cancer patients, and given the diversity of human leukocyte antigen (HLA) alleles, not all individuals are able to present the same neoantigens and stimulate a T cell response.
Several tumor antigen-specific T cell receptors have been identified and are being tested in clinical trials. These include TCRs recognizing melanocyte-derived antigens such as MART1 (30) and gp100 (31) , carcinoembryonic antigen (CEA) (63), NY-ESO-1 (33), and MAGE-A3 (34) . A major pitfall that has come to light is the catastrophic effects of off-target specificity of TCRs thought to be tumor specific. A recent example is the case of the MAGE-A3 TCR that binds an antigen that is normally relegated to the testis and gametogenesis but is abnormally expressed in a variety of cancers such as melanoma, non-small cell lung cancer, and certain hematological malignancies. The affinity-matured engineered TCR showed unanticipated cross-reactivity to a peptide derived from the muscle-specific protein titin, and patients that received the MAGE-A3 TCR T cells died of cardiac shock within a few days of treatment because of severe myocardial damage caused by massive T cell infiltration and activation (64) . Adverse effects have also been observed in trials in patients treated with TCRs targeted with MART1, gp100, and CEA, due to on-target damage caused by antigen expression in normal tissue (65) .
However, for antigens such as NY-ESO-1 that are not expressed in bystander tissue, there is little toxicity and the trials are showing promise. Patients with refractory synovial cell sarcoma or metastatic melanoma showed clinical responses (33, 66) ; this was also the first demonstration that a nonmelanoma tumor could be treated with T cells engineered with TCRs. Although these therapies have a long way to go, it is clear that they could be improved by enhanced control and boosted activity, given that the response rates are not optimal and few patients show long-term complete regression.
Engineered costimulatory and coinhibitory receptors. As described above, the current generation of CARs incorporate intracellular signaling elements from the TCR combined with elements from immune costimulatory receptors. Given the many coregulatory immune receptors-both costimulatory and coinhibitory-it is also possible to engineer chimeric coregulatory receptors that modulate key aspects of the T cell response (Figure 4b) . Depending on the combination of coregulatory sequences utilized in the CAR, one can imagine controlling a spectrum of T cell activation parameters and effector functions, as the character and magnitude of signal transduction in T cells are known to have important implications for the immune response to disease (67) .
Several efforts have been directed toward gaining control over costimulation. One example involves taking the costimulatory chains normally integrated into the CAR and expressing them as a separate membrane-tethered peptide. These stand-alone costimulatory chains are fused to smallmolecule-regulated dimerization domains and can thus be clustered, driving dose-dependent activation of costimulatory signals (68) . The overall goal of this approach is to have tighter control over the level of activity of the CAR T cells during treatment, potentially alleviating life-threatening toxicity.
As another approach to control toxicity, coinhibitory receptor signaling domains have been utilized in the context of CARs. For example, inhibitory CARs (iCARs) have been developed with extracellular antigen-recognition domains analogous to stimulatory CARs, but cytoplasmic signaling domains of these receptors are derived from coinhibitory receptors such as CTLA4 or PD-1 (the targets of checkpoint inhibitors) (69) . iCARs allow recognition of specific antigens that then instruct the T cells to shut down their activity-a function that is useful for engineering more complex combinatorial antigen recognition (see below).
Nonnatural and synthetic cytokine and cytokine receptor platforms. A primary mode of communication between immune cells is the secretion of cytokines and chemokines that act in both an autocrine and a paracrine manner to orchestrate an immune response to disease. These secreted proteins are able to drive proliferation, differentiation, cell death, and recruitment of a highly specialized and coordinated army of immune cell types.
Synthetic controls over cytokine production or the development of completely orthogonal cytokines that provide privileged channels of communication between therapeutic cells are of much interest. Such engineered capabilities are yet another way to help therapeutic cells to elicit a curative response to disease. The underlying principles of cellular communication have been studied for decades, and we are beginning to understand how to build cellular communication systems that can regulate cellular behavior in defined ways (70, 71) . Furthermore, we have sophisticated approaches for rational protein design and mutational screens of receptor:ligand pairs to build new communication channels that are orthogonal and/or have new and custom dynamic properties (72) .
Garcia and colleagues have pioneered this approach to building new cytokines that will likely have impact both as biologics and in cell therapies. They identified a variant of IL-2 they call IL-2 superkine (Super-2) that bypasses the requirement for the high-affinity α chain of the IL-2 receptor, CD25 (73) . This is important, as T cells do not express CD25 unless activated and suppressive regulatory T cells often have high levels of CD25, allowing them to titrate away IL-2 from activated T cells. This can be problematic in a tumor where immune suppression is strong and more often than not shuts down the T cell response. Thus, the administration of Super-2 or engineering cell therapies to produce Super-2 in tumors may allow for a potent response in solid tumors. Garcia and colleagues have also engineered variants of IL-2 that act as IL-2 receptor antagonist through mutagenesis and high-throughput screening (74) . The use of Super-2 and other types of engineered IL-2 antagonist could be a powerful way to control the expansion and contraction of a synthetic T cell response, mimicking the way our natural immune system drives a highly controlled expansion and contraction phase, safely providing immunity to infection.
Several groups have also shown that synthetic cytokine receptors can be engineered by taking advantage of the fact that many cytokine receptors signal through heterodimerization of two chains that are brought together by cytokine association. For example, heterodimerization of the β chain and common γ chain of the IL-2 receptor can be mediated by other modalities if the ligandbinding domains are removed (75) . Several groups have shown that the extracellular domains of the two chains can be replaced and alternative proteins can be used to drive heterodimerization and signaling through the receptor (76) . While initial examples of synthetic cytokine receptors are clinically suboptimal, the general approach to engineering orthogonal cytokine receptors is effective and likely can be accomplished with clinically relevant dimerization modules. If this vision can be realized, clinicians could selectively titrate different aspects of T cell effector function such as proliferation and differentiation after the cells are infused into a patient. It would also be feasible to have therapeutic cells communicate with each other through such cytokine:receptor systems as long as the dimerizing agent could be produced and secreted similar to natural cytokines.
Chemokine receptors: enhancing therapeutic T cell migration. Migration of therapeutic T cells to solid tumors is often a limiting factor in treatment (77) . Because of this, engineering T cells with chemokine receptors that allow them to better infiltrate tumors is an area of intensive research. Cancers can be tested for their chemokine signatures to determine which receptors would aid in T cell recruitment. There are many examples of enhancing therapeutic T cell activity by equipping the cells with chemokine receptors in a variety of tumor contexts. Di Stasi et al. (78) showed that anti-CD30 CAR T cells engineered with CCR4 were superior at clearing a Hodgkin lymphoma model that produces the chemokines CCL17 and CCL22. More recently, anti-GD2 (79) and anti-mesothelin (80) CAR T cells were engineered with the chemokine receptor CCR2b enhancing clearance of a xenograft neuroblastoma and mesothelioma model, respectively. Given these promising preclinical results, chemokine receptors may be an important addition to a variety of adoptive T cell therapies for cancer.
As an alternative approach to enhance migration of T cells to tumors, our group has engineered T cells capable of migrating toward bioinert small molecules that can be directly administered to tumors. This potentially relieves the requirement for knowledge of the chemokine signature of the tumor and may aid in scenarios where the tumor produces minimal chemoattractants. To accomplish this, Park et al. (81) utilized receptors activated solely by synthetic ligands (RASSLs), which are G protein-coupled receptors (GPCRs) that induce migration in response to orthogonal small molecules such as clozapine-N-oxide (CNO) (82) . RASSL-engineered T cells showed enhanced migration and localization to tumors injected with CNO slow-release biodegradable microparticles. In the future it may be possible to administer nanoparticle drug delivery systems that can accumulate in tumors without the need for direct injection (83) . This is an important proof-of-principle study showing how synthetic biology approaches can help to overcome the natural limits of our immune system. synNotch receptors-transcriptional regulation coupled to environmental sensing. More recently, we have developed a new class of receptors called synNotch receptors that provide a more general platform for engineering novel sensor/response behaviors in immune cells (50, 84) . synNotch receptors link recognition of a user-defined cell surface antigen to activation of transcription (Figure 4c) . The native Notch receptor is made up of an extracellular, ligandbinding domain that binds the ligand, Delta, displayed in trans on an opposing cell surface. Upon ligand binding, two proteolytic cleavage events occur-one extracellular and one intramembranereleasing the cytoplasmic domain transcriptional regulator (85) (86) (87) . Unlike many other receptor classes, such as receptor tyrosine kinases (RTKs), the Notch receptor does not initiate a complex kinase signaling cascade (88) . To build a fully customizable synNotch receptor platform, we first mapped a minimal region within the natural Notch receptor that controls the ligand-dependent cleavage of the receptor and release of the cytoplasmic tail (50, 89) . The ligand-binding domain and the intracellular domain can then be replaced with different antigen-binding modalities, such as scFvs or nanobodies, and a transcriptional regulator of choice (e.g., Gal4-VP64 or tetR-VP64) can replace the natural cytoplasmic domain. Thus, one can build a receptor targeted to a cell surface ligand of interest, such as a disease-related or tissue-related antigen, and this environmental sensing event leads to the release of the transcriptional regulator and the initiation of a custom cellular response. synNotch receptors allow for unprecedented control over cellular sensing and response behaviors and can be used in a wide variety of cell types to help them sense their environment and locally modulate their own behavior or the surrounding microenvironment (50, 84, 90) .
synNotch receptor circuits are a versatile and modular system to selectively regulate cellular responses and behavior in defined environmental contexts. These receptors are functional and control a variety of aspects of cellular function in fibroblasts, primary neurons, and T cells (50, 84) . Since the transcriptional program controlled by synNotch receptors is user defined, the possibilities for the control of cells are vast, including the ability to drive cellular communication, differentiation, and direct killing of diseased cells, such as cancer cells. An important feature of the synNotch platform is the ability to equip cells to perform synthetic nonnatural behaviors. An example is the antigen-dependent production of genetically encodable therapeutic agents such as commercial antibodies. Thus, synNotch T cells can potentially be used to recognize and remodel a disease microenvironment. The ability to utilize synNotch receptor circuits to increase the landscape of antigen-dependent cellular response programs beyond the natural is an important, potentially transformative feature of this new class of synthetic receptors (90) . Below we describe how synNotch, and other components, can be incorporated into more sophisticated therapeutic decision-making circuits.
Decision-Making Circuits: Increased Control and Discrimination
One of the major concerns with cell therapies is the lack of control over the cells once they have been administered to patients. Because of their powerful actions, T cells and other immune cells can rapidly cause severe damage to the body. Thus, it is important that the user (physician) be able to control cells after they have been infused into the body; basic cell therapies must provide improved control in the future. Below we discuss examples of using small-molecule drugs to regulate the ability of cells to persist and activate in patients.
Control over therapeutic cell death: kill switches. One way to make therapeutic use of T cells safer is to have the ability to eliminate them rapidly by engineering control over cell death pathways. There are a few ways that this problem has been approached. An early of example of this strategy was to modify T cells with the thymidine kinase gene from herpes simplex virus (HSV-TK) that sensitizes the cells to the antiviral medication ganciclovir (91, 92) . This strategy has been tested in humans for both allogeneic transplants for the control of graft-versus-host disease (GVHD) and T cell therapies in patients with HIV (93) . Although it is a promising strategy, it has several drawbacks: The viral protein is immunogenic, DNA synthesis must be active for the elimination to take effect, and mutations have been observed in the HSV-TK gene that render it resistant to ganciclovir (94) . Because of this there has been considerable research to engineer alternatives.
There are two other prominent approaches to controlling the longevity of therapeutic immune cells. One is an engineered split caspase 9 (iCASP9) that is assembled in response to a heterodimerizing drug (Figure 5a) . This system can rapidly drive therapeutic T cells into apoptosis upon addition of a drug with kinetics that may help to eliminate cell therapies that have become toxic or that are no longer needed after the patient is free of disease (95) . A second approach to control the longevity of therapeutic cells is ectopic expression of a truncated epidermal growth factor receptor (tEGFR). The cells can be eliminated via antibody-dependent, cell-mediated cytotoxicity (ADCC) driven by treatment with cetuximab, an antibody specific to tEGFR (96) .
All of these approaches to controlling cell death via drug or antibody delivery to engineered cells have their limitations. If any of the cells lose expression of the components, they are rendered insensitive to elimination. Given that T cells are capable of clonally expanding on rapid timescales, killing off 99% of the cells may not be enough to eliminate a cell therapy that has become dangerous to the patient. Finally, a kill switch leads to an all-or-none abortive outcome. Aborting this expensive treatment may not be ideal for patients who do not have a second chance for therapy. Thus, in some scenarios, the tunable regulation of cellular activity, as discussed below, may provide certain advantages over eliminating the cells altogether.
Remote control of therapeutic T cell activity with ON-switch cars. Another way to control cellular activity, less drastic than killing them, is to regulate the ability of the cell to transduce activation signals. We have developed a split CAR design that requires antigen recognition and a small-molecule heterodimerizer to drive signal transduction and activation of T cells (Figure 5b ) (97) . This is accomplished by separating the ligand-binding portion of the receptor from the cytoplasmic signaling chain, a common feature of many of the antigen receptors of the immune system. Where these synthetic split receptors differ from their natural counterparts is the addition of a chemically induced heterodimerization system. In the first iterations, the split ON-switch CAR was engineered where each half of the CAR contained either FK506 binding protein (FKBP) or rapamycin binding protein (Frb), proteins that inducibly heterodimerize in the presence of a small-molecule variant of rapamycin, AP21967 (rapalog) (98) . When T cells are engineered with an ON-switch CAR, they act as a Boolean logic AND gate requiring the presence of the target antigen and drug to activate. Two other key features of ON-switch CAR T cells are (a) they can titrate activities such as killing, cytokine production, and proliferation by changing the concentration of drug and (b) the activity of the T cells can be rapidly halted or induced (on a scale of minutes), given that the drug works at the level of signal transduction. Thus, ON-switch CARs may allow for unprecedented control over therapeutic T cells, and versions of these receptors with clinically relevant dimerization systems are being actively pursued for rapid transition from proof-of-principle work in mice to clinical studies with cancer patients. Other small-molecule-regulated split CAR designs have recently been described with alternative approaches to dimerization, showing the high priority placed on safety and controllability of future CAR T cell therapies (99). Sakemura et al. (100) recently developed an alternate drug-inducible CAR system based on the third generation tetracycline-inducible gene expression system (Tet-On-3G). Instead of controlling CAR signaling, as in the case of the ON-switch, addition of doxycycline simply drives transcription of the α-CD19 CAR. While this approach is simple and could prove useful, there are issues with leakage of CAR expression prior to drug treatment resulting in some activity of the engineered T cells when exposed to CD19
+ cancer cells prior to drug treatment. Tet-On CAR T cells differ from ON-switch CAR T cells in several ways: (a) Tet-On CAR T cells do not necessarily require drug and antigen be present simultaneously to activate, (b) the ability to titrate cellular activity is less likely, owing to the inability to directly regulate signal transduction, and (c) the timescale for halting or inducing cellular activation is on the order of hours because of the inherent kinetics of the Tet-inducible promoter.
While regulated CARs are likely to become a major component of T cell therapies, all of these engineered ON-switch prototypes currently face similar optimization challenges-preventing basal leakiness, maintaining high levels of maximal ON state activity, tuning of dynamic range, and prevention of immunogenicity. Nonetheless, these controlled CAR T cells may go a long way to improve the safety profile of CAR T cells, allowing the treatment to become more widespread.
Boolean logic-gated therapeutic T cell activity: discrimination through multi-antigen recognition. The rarity of single antigens that distinguish a cancer cell from normal cells in our bodies is well established (101, 102) . The single-antigen targeting of most current CAR T cell therapies is not viable long-term for multiple reasons, including off-target toxicity and loss of expression of targetable antigens that often allows tumors to escape recognition. Given this obvious challenge for cell therapy, one growing area of focus is developing T cells that are activated by a specific combination of antigen, a strategy that could significantly increase specificity of recognition. Below we discuss several of the current approaches to build multiple-antigen-triggered Boolean logic gate receptor systems in therapeutic cells.
Cooperative activity (and gate logic). Many cells utilize cooperative receptor systems, where engagement of multiple receptors is necessary for full cellular activation. These sorts of systems force cells to recognize combinatorial signals, reducing the probability of spurious cellular www.annualreviews.org • Synthetic Immunologyresponses, which can be damaging if deployed in the wrong context. T cells naturally require multiple inputs for activation. They need stimulation of the TCR (signal 1) and engagement of costimulatory receptors (signal 2) before they commit to full activation. In fact, TCR stimulation without the appropriate costimulatory signals can push T cells into a nonresponsive anergic state. NK cells also use activity of multiple receptors to activate, with different receptors positively stimulating activation and others inhibiting it (36) . The relative level of signaling coming from these receptors determines whether the NK cell kills the target. As synthetic biologists, we have looked to these systems for inspiration in building new receptors with more layers of control over their activity for added safety.
Several groups have engineered cooperative synthetic receptor systems for improved cell autonomous control over CAR T cells with the goal of reducing off-target toxicity. These multiple CAR systems are akin to the natural T cell activation paradigm, where one CAR provides the primary TCR signal 1 and a second provides costimulation (signal 2). Because this is a two-receptor each receptor can be targeted to a different antigen, requiring the T cells to engage multiple antigens to activate (103) (104) (105) . While these receptor systems can show AND gate behavior, careful engineering of each receptor is required to make a receptor system that shows binary activationwhere T cell activity is minimal with either single-antigen input but maximal with dual-antigen inputs. Sadelain and colleagues were able to engineer T cells with a two-receptor cooperative system that recognize prostate stem cell antigen (PSCA) and prostate-specific membrane antigen (PSMA) (104) . T cells engineered with their cooperative CAR system exhibited AND behavior, but considerable tuning of the strength of signaling through the receptors was required to achieve the AND gate logic. Thus, when trying to engineer cooperative receptor systems much attention must be paid to the contribution of each receptor to T cell activity, and it is exceedingly difficult to identify binary systems where neither receptor drives an appreciable T cell response (e.g., cytokine production or proliferation or cytotoxicity). In many cancer treatment scenarios, this may not be a prerequisite for safe treatment of disease, and something that approximates AND gate logic could reduce off-target toxicity to levels that are easily managed by conventional means.
Antagonistic receptor systems-AND/NOT gate logic. Sadelain and colleagues also developed negative regulatory receptors, called iCARs. Similar to the natural NK cell receptor system, iCARs act in a dominant fashion to shut down the activity of a coexpressed CAR that positively drives T cell activation (Figure 5c ) (69) . iCARs are engineered by replacing the stimulatory signaling domains on the cytoplasmic tail of the CAR with the inhibitory signaling chains derived from the coinhibitory receptors, PD-1 or CTLA4. The rationale for such a multireceptor system is that it could be used to selectively prevent killing of related bystander tissues (that share the CAR antigen), a major concern with many of the CARs tested in preclinical models and clinical trials. The preclinical results from the iCAR system show that T cells can distinguish target cells from bystander cells even when they are in a mixed population. As with other combinatorial antigen recognition approaches, the bottleneck for utilization of such an approach may be the determination of the negative antigens that the iCARs should target. This will require the further identification of antigens specific to potential off-target tissues. synNotch gated CAR expression-temporal AND gate logic. An important demonstration of the utility of synNotch receptors in therapeutic T cells is to combine them with CARs. A simple but powerful way is to use synNotch receptors to induce the expression of a CAR, but where each receptor detects a distinct antigen (Figure 5d ) (84) . synNotch → CAR circuits are appealing in that they control when and where the T cell expresses the CAR, potentially relegating expression of toxic CARs to the tumor, away from bystander tissues. Under basal conditions the T cells are "unarmed"; i.e., they do not express the cytotoxic CAR. Since the two receptors can be targeted to different antigens, the T cells can be engineered to sense combinatorial antigen signatures. synNotch → CAR circuits can be engineered into primary human T cells, and these T cells are able to selectively express the CAR in the tumor microenvironment. In preclinical models, T cells with such a circuit can reliably target a tumor with a dual antigen signature, distinguishing them from bystander tumors with the single antigens. A critical and distinguishing feature of these combinatorially controlled synNotch → CAR T cells compared to the other Boolean logicgated CAR systems discussed above is that the synNotch receptor is completely independent from and orthogonal to the T cell signaling machinery. Thus, no activation of the T cells is observed prior to CAR expression, making the therapeutic T cells completely inert (noncytotoxic) until the synNotch receptor is engaged by antigen present in the local tumor microenvironment. Such features may make this type of sequentially armed T cell a safer alternative for combinatorial antigen sensing.
Payloads and Output Activities
The natural progression of an immune response involves the local delivery of therapeutic payloads and coordinated cellular activities at the site of disease. A spectrum of payloads including cytokines, antibodies, and small molecules are made by the vasculature, tissue, and infiltrating immune cells to help eliminate disease and stimulate tissue repair. Future engineered cell therapies should have the ability to sense disease and initiate a response that includes the delivery of a custom set of therapeutic payloads and effector activities.
Beyond killing: enhancing T cell function to overcome an inhospitable tumor environment.
In most cases, the goal of therapeutic T cell engineering is to retarget the key native outputs of T cells-cytotoxic responses and T cell proliferation. Nonetheless, it is becoming clear that nonnative enhancement of T cell function may be required to allow T cells to overcome multiple layers of immune suppression that exist in a variety of tumor types (106, 107) .
Boosting therapeutic T cell activity by expressing inflammatory proteins.
A general approach is to arm engineered T cells via constitutive expression of new functional proteins. For example, "armored" CAR T cells constitutively express the proinflammatory cytokine IL-12 and show enhanced ability to perform in a suppressive environment (108, 109) . Alternatively, Morgan and colleagues engineered TILs to inducibly express IL-12 in response to TCR stimulation by putting the gene downstream of nuclear factor of activated T cells (NFAT) response elements (110, 111) . These strategies represent a potential significant improvement over systemic infusion or production of cytokines like IL-12 or IL-2, which has been demonstrated to be highly toxic (112) (113) (114) (115) . Similarly, attaching nanoparticles infused with the proliferative and survival cytokine IL-2 to T cells can enhance their survival. In another example, expression of enzymes that remodel the extracellular matrix appears to increase the ability of T cells to infiltrate particular tumor models (116) .
Local expression of new immune effectors via synNotch circuits. More recently, the synNotch receptor platform has been harnessed to induce the expression of these types of inflammatory modulators, but only in an antigen-triggered manner (90) . This spatially targeted delivery of immune enhancer proteins has the potential to allow higher efficacy in response, without the cost of systemic side effects that could come with constitutive expression of these immune enhancers. synNotch receptors can be used to inducibly express a wide range of payloads, including www.annualreviews.org • Synthetic Immunologystimulatory cytokines like IL-2 and IL-12 and chemokines. Moreover, synNotch systems can be used to deliver nonnative payloads such as antibodies (including checkpoint inhibitors), bispecific antibodies, and innate immune stimulatory molecules. Thus, a wide array ofà la carte effector functions can in principle be engineered into therapeutic T cells, while maintaining the specificity of antigen-targeted activation (90) . Such functions could be used to enhance CAR or TCR functions, or in independent cells that would act to recognize and remodel local microenvironments.
CONCLUSION: FUTURE OF THERAPEUTIC IMMUNE CELLS
Cell-Based Cancer Therapy
We are at a tremendously exciting point in the history of engineered immune cell cancer therapeutics. The emerging field of synthetic immunology is assembling a large arsenal of tools that can be used to enhance or reprogram T cell function in diverse ways and overcome the fundamental problems in treating cancer-how to recognize the tumor and discriminate it from normal cells and how to mount a potent cytotoxic response that overcomes local immunosuppression that is a feature of many solid tumors ( Figure 6) .
As described here, precision recognition of tumors will perhaps be a routine option effected by deploying combinatorial antigen-sensing circuits. This includes cells that can use Boolean AND or NOT functionality both to more precisely recognize target tumor cells and to prevent crossreaction with normal tissue with overlapping antigen profiles. The strategy of recognizing tumors Overcoming the challenges of solid tumors. (a) T cell therapies can cause life-threatening damage due to cross-reaction with off-target tissue and excessive inflammation. On the other hand, tumor environments can be suppressive, preventing a curative immune response. (b) To overcome these pitfalls, the T cells can be engineered to sense combinatorial antigens, to be regulated with small molecules, and to produce therapeutic agents that prime the tumor environment for more effective treatment. Abbreviation: CAR, chimeric antigen receptor. via a set of antigen signatures is very promising, depending on whether clear signatures can be bioinformatically identified and robust recognition circuits developed.
The emerging tool kit of cell engineering also points to ways to overcome the immunosuppressive tumor microenvironment. We now have increased capacity to inducibly produce immune stimulatory factors, like IL-12, in the tumor, as well as to locally deliver checkpoint inhibitor antibodies. Thus, we may be able, in a tumor-specific manner, to induce the local expression of a cocktail of factors that robustly remodels the microenvironment to disable immunosuppression.
Although we can begin to more clearly imagine what ideal engineered immune cell cancer therapies would look like, there remain many challenges. Many of the components described here have only been prototyped in preclinical models, and how they function in a clinical setting (including issues such as immunogenicity) will present important hurdles. Moreover, as we consider building more complex circuits, the issues of genetic delivery payloads and costs loom larger. Issues like improved vectors and gene delivery, as well as allogeneic cells, will also be critical.
Beyond Cancer-Autoimmunity, Degeneration, and Inflammation
Although we have focused primarily on engineering T cell therapeutics for cancer, many of the tools and strategies outlined in this review have direct relevance to other diseases, such as autoimmunity and degeneration/regeneration (Figure 7) . Recently, Payne and colleagues developed a Engineering nonnatural functionalities of T cells. T cells can be engineered to sense disease microenvironments such as tumors and locally perform both natural and synthetic effector programs. T cells can produce cytotoxic agents, cytokines, commercial biologics such as antibodies, and factors involved in regeneration of tissues in a context-dependent manner.
modified CAR they call a chimeric autoantibody receptor that redirected T cells to recognize Pemphigus vulgaris-causing autoreactive B cells (117) . This is a clever demonstration of how engineered cells can be used to eliminate pathogenic immune cells causing life-threatening autoimmunity. In the future, synNotch circuits could be utilized in T cells or other cell types to treat autoimmunity by eliciting production of immunosuppressive agents (anti-inflammatory cytokines or biologics) at sites of autoinflammation. Importantly, the treatment would be triggered locally by antigens unique to the disease environment, overcoming one of the major problems in treating inflammation and autoimmunity-the adverse effects of systemic immune suppression. Similarly, it is possible that antigens associated with degeneration or injury could be harnessed to trigger the precise delivery of anti-inflammatory and proregenerative factors. It is also possible that engineered immune cells will emerge as a useful research tool. Like an antibody or drug, an immune cell that has the capability to recognize user-defined antigen signatures and remodel that microenvironment would provide a new and customizable mode of targeted perturbation. As we learn more about the underlying principles of tissues and systems comprising multiple cell types, a precision-engineered cell that can participate as an active but controllable node within complex, in vivo networks would be a powerful tool.
These strategies for therapy and research all hinge on harnessing the remarkable intrinsic ability of immune cells to survey and monitor the body for particular molecular signals. When combined with sophisticated genetic engineering, that capability would clearly enable many new therapeutic actions-especially for complex diseases where detection and remodeling of a microenvironment is essential. These are diseases in which cell therapeutics and their higher-order sense/response functions may particularly excel over drugs and biologics. Much remains to be seen about how the exciting emerging field of synthetic immunology will develop, and whether its remarkable promise can be fulfilled.
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